ABSTRACT
Noninductive current drive is required during plasma initiation and for current sustainment in the National Spherical Torus Experiment (NSTX).' In this paper, the physics of high harmonic fast waves (HHFW) and the design of an antenna system for NSTX are considered using numerical models. For high current discharges in NSTX, the static magnetic field component in the poloidal direction varies widely during the discharge and can become comparable to the toroidal component in NSTX. Therefore, we calculate the plasma loading for a broad range of antenna and plasma geometries in a three-dimensional model, so that the results can be used to influence the antenna design. Two-dimensional calculations of the wave propagation and absorption in the core plasma indicate that the theoretical current drive efficiency for HHFW can be high, and a general survey of parameters gives a good target for the antenna design. The current drive efficiency calculation is sensitive to the equilibrium model because finite beta effects can substantially alter the calculation of the trapped particle fraction. Traditional methods of toroidally phasing an antenna array as well as poloidal phasing are studied to optimize the current drive efficiency for a range of equilibria. Non-zero poloidal mode excitation is also found to affect the antenna performance and flexibility. Performance expectations for a preliminary antenna design are given.
INTRODUCTION
Radio frequency (RF) power in the ion cyclotron range of frequencies is a useful tool for plasma heating and current drive that has not yet been extensively tested in a small aspect ratio torus. Noninductive current drive is required during plasma initiation and for current sustainment in the National Spherical Torus Experiment (NSTX),' and computer modeling offers the only means to explore this regime at this time. In this paper, we review the RF options for NSTX that lead to the choice of high harmonic fast waves (HHRY).2 Then we use the RANT3D; GLOSI; and PICES' codes to analyze methods for optimizing plasma coupling and current drive efficiency in the HHFW regime. Both toroidal and poloidal antenna phasings are considered for launch from the equatorial plane on the outboard side of the device. The results have been found to be sensitive to assumptions in the plasma equilibrium,6 and finite f3 effects, where p is the ratio of plasma energy to magnetic energy, must be included to accurately calculate the trapped particle fraction and current drive efficiency. Preliminary antenna designs are studied and reasonable values are found for both the loading and driven steady-state current. Source terms for RF/edge interactions are also estimated.
Special consideration must be given in determining the accessibility of RF power in small aspect ratio devices, especially if the power is intended specifically for electrons. The usual methods with frequencies between the low-order ion cyclotron range of frequencies (LICRF) appear to be unfavorable because of the large variation in the static magnetic field strength, B, across the plasma cross section. However, as the plasma current becomes large, the poloidal magnetic field component can become comparable to the toroidal component, and a magnetic well can occur as illustrated schematically in Fig. 1 . Thus, LICRF scenarios for electron current drive sustainment may be possible once a large steady-state current is achieved. At even lower frequencies, the AlfvCn wave regime is also a possible candidate. At higher frequencies, the HHFW regime has been proposed.* There are several practical disadvantages for driving currents in low frequency regimes in NSTX. One problem is the large size of the antenna required to launch the appropriate modes for strong electron damping. Another disadvantage is that a significant amount of current from some other source may be needed before LICRF power can be effectively delivered to electrons. Finally, the availability of high power generators for the low frequency regime would require a large added expense for NSTX.
The HHFW alternative can avoid excessive ion absorption if the majority ion beta, p i , remains reasonably small, and no hot ion species are present. In this regime, a frequency of 30 MHz is considered for NSTX so that ion absorption caused by finite klpi effects becomes small for moderate ion temperatures, where kl is the perpendicular wavenumber and pi is the ion gyroradius. HHFWs experience strong damping on the electrons for appropriately chosen phase velocities, and high current drive efficiency is possible. Current profile control may also be possible with HHFWs through toroidal and poloidal phase control of the antenna. For these reasons, and because of the availability of power in this frequency range, 6 MW of HHFW power with phased array capability has been chosen as an initial system for the NSTX experiment.
Regardless of the chosen RF method, the antenna design for current drive is complicated by several issues. First of all, the design must avoid damping by trapped electrons and simultaneously achieve reasonable plasma loading for a broad range of plasma parameters. Poloidal asymmetries in the plasma response caused by Hall currents can also affect the launch and deposition of the RF Finally, the large variation in the magnetic field angle near the antenna during a shot can complicate the design and give rise to RF edge-interactions for plasma facing components.' Computer modeling is the only effective way to explore these issues for the NSTX antenna design.
The remainder of this paper is arranged as follows. In Sec. 2, we discuss plasma coupling considerations for the conditions anticipated in NSTX. Loading considerations and information guiding the choice of current strap angle are presented. The importance of the poloidal mode spectrum on loading is also discussed. In Sec. 3, we describe the plasma parameters and equilibria that are under consideration for NSTX and give general results from the PICES full wave code in full toroidal geometry. These results give an indication of which Fourier modes will produce the highest current drive efficiency from HHFWs and provide a target for designing an actual antenna. The results also illustrate the possibility of using poloidal antenna phasing to enhance flexibility, penetration, and current drive efficiency. The sensitivity of these results to finite beta effects in the equilibrium is also shown. In Sec. 4, we present results for the power spectra and the steady-state currents that might be expected from preliminary antenna designs under consideration for NSTX. Estimates for the RF fields at nearby conducting limiters are also given. A summary is given in Sec. 5. The validity of various physics approximations used in the RF models and numerical considerations are discussed in the Appendix for the parameters considered in this paper.
PLASMA COUPLING CONSIDERATIONS
Launching HHFWs in NSTX suggests the use of compressional RF magnetic fields similar to conventional fast wave launchers. However, the large change in the magnetic field angle near the antenna during a shot complicates the choice for the antenna geometry. For high current, high p operation, the poloidal component of the static magnetic field may even exceed the toroidal component near the antenna. Traditional fast wave antennas have been oriented so that the RF current is camed in the poloidal direction, which is nearly perpendicular to the static magnetic field throughout the discharge. The angle of the current straps cannot be changed during a shot, so a single fixed position must be chosen for NSTX. Alternatives to provide reasonable performance over a broad range of plasma conditions in NSTX include active poloidal phase control and/or choosing an optimal angle for the current strap tilt; however, cost constraints do not initially allow for active poloidal phase control in NSTX. The plasma response for these alternatives has been modeled using the RANT3D/GLOSI code combination.
The most obvious method to maintain the correct RF polarization in NSTX is to tilt the current straps at an intermediate angle that maintains reasonable polarization throughout the discharge. However, tilting the current straps of a phased array antenna has the added complication of modifying the Fourier spectrum in the poloidal direction. The peak in the poloidal spectrum for an infinite array of tilted current straps can be roughly estimated as
where m and n are the poloidal and toroidal modes, respectively, a is the average minor radius (the poloidal plasma circumference divided by 2n), R is the major radius at the antenna, and 0 is the angle of the current straps relative to the toroidal direction. For conventional antennas, 0 = go' , so that the Fourier spectrum of the antenna current is centered at rn = 0. Using NSTX-like parameters of R = 1.58 m and a = 0.88 m, the Fourier spectrum for the RF current is centered near m = d4 for 0 = 66' . The width of the excited spectrum, A m, in poloidal Fourier space is estimated by considering that a half-wavelength in the poloidal direction is roughly the poloidal extent of the current straps. This dimension is constrained in the NSTX design to be -1 m, giving A rn = 3 for NSTX. Thus, several poloidal mode numbers must be considered to understand the effect of tilting on the plasma loading.
The GLOSI code is used to calculate the warm plasma response in a periodic sheared slab model of the tokamak edge, and this response is coupled to the three-dimensional RANT3D antenna loading code to determine the plasma coupling for different current strap orientations. As a preliminary step, a very small single strap antenna was considered to generate a nearly uniform excitation of Fourier modes in the plasma. We considered the density profiles shown in Fig. 2 for various finite p equilibria in NSTX. The density profiles were extracted from the pressure profiles used for the equilibrium calculations by prescribing analytic ,temperature profiles. The temperature profiles were all taken to be parabolic with a maximum electron temperature of 1 keV, 4 keV, and 5 keV for the 5% p ,25% 0, and 40% p cases respectively. Maximum ion temperatures of 1 keV, 1 keV, and 1.4 keV were used for the 5% p, 25% p, and 40% p cases, respectively. The minimum temperature in the scrape-off layer was 30 eV for all cases and all species. The ion species mix was 5% hydrogen in deuterium.
A delta function source is simulated using a 0.01-m-wide, 0.02-m-long strap carrying 1 A of RF current at 30 MHz. Results for current strap orientations of 8 = 90" and 8 = 66" are compared in Fig. 3 . The static magnetic field direction at the antenna location is indicated for each case. Figure 3 clearly shows both a poloidal and toroidal asymmetry in the plasma response. This asymmetry is related to both the poloidal magnetic field and the Hall terms in the plasma dielectric. Loading is generally favored for co current drive except at very low toroidal mode numbers. Also, the poloidal width for good plasma response is A m = 3 for 5% p, increasing to A m = 5 for the 40% p case, and so the width of the plasma response is roughly the same at the width of the driven spectrum. As discussed in Sec. 3, the toroidal mode numbers of most interest for NSTX lie between In1 = 12 and In1 = 4 for good current drive efficiency over a broad range of p. Thus, the shift in the poloidal spectrum caused by a tilt of 8 = 66" can range from 1 to 3 poloidal modes. Such a poloidal mode shift can substantially affect the loading depending on whether co (negative n) or counter (positive n) current drive is desired. The poloidal mode shift caused by tilting the straps is generally beneficial for counter current drive phasing, but it is detrimental for most co current drive phasing. For high p cases, the plasma loading tends to be increased by the improved polarization of the tilted antenna, and the plasma response also shifts by enough to maintain good loading for 8 = 66". However, for the 5% p case with co current drive, the tilt can reduce the loading by as much as a factor of 2. This reduction in loading is caused by the shift of the poloidal spectrum of the source to a region where the plasma response is not optimal, and this reduction is not offset by an improvement in polarization. The reduction in loading occurs most prominently in precisely the desired range for NSTX eo current drive operation, and may become important to the design if the RF system cannot compensate for the reduced loading. Figure 3 also clearly indicates that active poloidal phase control would be useful for optimizing the plasma loading.
Part of the physical explanation for the reduction in loading caused by tilting the antenna at low p can be illustrated by considering the parallel wavenumber near the antenna as shown in Fig. 4 . At low p, propagation in the edge region is weak because of the low plasma density and some tunneling through an evanescent layer is required. The high parallel conductivity of the plasma allows modes with long parallel wavelengths to penetrate through the evanescent layer more easily than those with shorter parallel wavelengths. At high enough p (-25%) the Shafranov shift moves higher density plasma closer to the antenna, thereby reducing the evanescent layer for the modes of interest, and polarization eventually becomes the dominant effect.
:
The conclusion from these results is that plasma loading could be best optimized by actively controlling both the toroidal and poloidal phase of the antenna array; however, such a system might be technically difficult and expensive to build. Improvement in the polarization can be obtained by tilting the current straps, but the tilt introduces a poloidal shift in the power spectrum that can significantly reduce the loading in co current drive scenarios for low (5%) operation. Without active poloidal phase control to compensate for this shift, a trade-off in antenna performance at low p versus high p must be considered in determining the strap orientation. This trade-off may also affect the antenna control system because the decoupling circuitry may become more complicated for low plasma loading.
CURRENT DRIVE EFFICIENCY FOR HHFW USING DIFFERENT EQUILIBRIUM MODELS
In addition to accessibility, the launched power must provide a large fraction of the total steady state current in NSTX throughout the discharge, In this section, we use the two-dimensional RF model of the core plasma, PICES, to calculate the power deposition. We estimate the steady state current that can be driven by HHFWs in NSTX using the Ehst/Karney empirical fit, accounting for trapped electrons at the location where the power is absorbed." Although this method for calculating current drive is not as accurate as an adjoint method, it does provide a relative indication of the current drive performance.' A single poloidal and toroidal mode for the RF is imposed as a boundary condition on the last closed flux surface. The imposed mode is then scanned in poloidal and toroidal mode space to help find the modes that produce optimal current drive efficiency. These results are used to help determine the operational capability that must be designed into the antenna system. The results of RF calculations in the plasma core have been found to be very sensitive to the equilibrium parameters that are chosen! Thus, we use the most accurate, self-consistent, numerical calculations of finite p equilibria that are available for NSTX from the free-boundary MHD equilibrium code FI3EQ.l2 The NSTX equilibria are constrained by a fixed major radius of 0.854 m, aspect ratio of 1.26, toroidal field of 0.3 T, total current of 1 MA, elongation of 2.0, and internal inductance of 0.2. Three representative values of total p, 5%, 25%, and 40%, are considered. A temperature profile is assumed and the density profile is calculated using the same pressure profile used in the equilibrium calculation.
We also contrast these results with those from a variation of the Solov'ev equilibrium model in an attempt to isolate the parameters that produce the most sensitivity. The comparison shows that much better agreement between the different equilibria can be obtained than was found in Ref. 6 if care is taken to use similar plasma shapes, and comparable density and temperature profiles. However, the Solov'ev equilibrium cannot accurately treat trapped electron effects because of finite p corrections to the magnetic field. This inaccuracy can lead to a reduction in predicted efficiency by as much as a factor of 2 for similar plasma profiles. The results for 5% and 25% p cases are considered to illustrate these results.
In the 25% p case, the magnetic axis for the Solov'ev equilibrium was placed in the same location as the FBEQ result to partly account for the Shafranov shift. The q-profile in the Solov'ev model was adjusted to make the angle of the magnetic field at the antenna location nearly equal to that of the finite p result. A comparison of the temperature and density profiles at 25% p for the two equilibria is shown in Fig. 5 ; the flux surfaces and magnetic field strength are shown in Fig. 6 . The comparison shows that the plasma parameters are very similar, except that the magnetic field strength is modified by finite p effects.
The 5% p case using the Solov'ev equilibrium was complicated by the magnetic axis location in the FBEQ equilibrium, 0.96 m, and the lack of triangularity in the Solov'ev model. Again, the q-profile was chosen so that the magnetic field components were nearly the same on the outboard side near the equatorial plane. However, the analytic equilibrium would not close on the inside of the tokamak without simultaneously extending the position of the magnetic axis to -1.1 m for the Solov'ev equilibrium (similar to the 25% J3 case). A comparison of the plasma parameters for the 5% p case is shown in Fig. 7 , and the flux surfaces and magnetic field strength are shown in Fig. 8 .
A crude indication of the theoretical limit for current drive efficiency is obtained by exciting one pure toroidal and poloidal mode at a time on the plasma surface in PICES and then scanning the excited surface mode. Figure 9 shows the current drive efficiency results from scans for the 5% and 25% p equilibria previously described. The crowding of lines near toroidal mode zero denotes the rapid change from positive to negative current drive.
The results for FBEQ equilibria in Fig. 9 indicate the modes that should be produced by the antenna to achieve the best current drive efficiency at different p values. To maintain optimum current drive efficiency at 30 MHz for the geometries considered here, the antenna should excite toroidal mode numbers near n = -8 for low to moderate p, and then shift to n = -4 to n = -2 as the p increases. Note that a real antenna will produce a spread of toroidal modes, and a rapid change in efficiency is possible for very small n numbers because some of the power may drive current in the direction opposite to what is desired.
The poloidal dependence of the current drive efficiency may also be an issue for the antenna design.
A shift in the poloidal spectrum by a few modes can change the efficiency by roughly 20%. The poloidal shift caused by tilting the current straps is detrimental to the efficiency for both co and counter current drive. Again, this poloidal mode behavior can be partially attributed to the launched parallel wavelength of the wave as described in Fig. 4 . Waves with longer parallel wavelengths can penetrate further into the plasma before the phase speed becomes resonant with the bulk of the electron distribution. As in the case of plasma loading, a drop in current drive efficiency for tilted straps may be acceptable if the antenna can meet its design objectives. The total current expected for preliminary designs will be presented in Sec. 4.
The results of Fig. 9 also show that the Solov'ev equilibria predict a current drive efficiency that is as much as a factor of 2 lower than the FBEQ results. Since differences in the plasma profiles have been largely excluded, we attribute most of the difference to the lack of finite p effects in the Solov'ev equilibria, and the consequent errors in the calculation of the trapped electron fraction. Thus, numerical MHD calculations representing realistic plasma equilibrium scenarios are required for accurate modeling of the current drive in NSTX
ANALYSIS OF PRELIMINARY ANTENNA DESIGNS FOR NSTX
A preliminary antenna design for NSTX uses 12 evenly spaced current straps driven at 30 MHz. The design can operate with toroidal phasings between straps, A$, of 30°, 60°, and 90" to excite spectra that are peaked near the antenna at n = -4, -8, and -12, respectively. Initially, plans call for a fixed 180" phase shift to be placed between straps 1 and 7, 2 and 8, etc. (see Fig. lo) , to simplify the RF circuit and to provide the best spectrum with A$ = 30" for high J3 current drive operation. Other phasings that would be more suitable for heating rather than current drive will also be possible. Poloidal phase control is not anticipated for the initial system because of the added expense and complexity required in such a system. However, the port locations for the initial design may make it possible to tilt the current straps, permitting strap angles of 8 = 90°, 8 = 78", or 8 = 66".
In this section, we will investigate the current drive and overall performance for preliminary designs with two orientations for the current straps for the p = 5% and 25% scenarios. The calculations are performed using combinations of the RANT3D model with both the GLOSI (slab) and PICES (toroidal) core plasma models. We will also present a crude analysis of the rectified RF voltages that might be expected on conducting limiters near the antenna. The model results show that tilting the current straps has a minimal effect on current drive efficiency, and that the poloidal shift in the spectrum reduces the loading at 5% p as expected from the results in Sec. 2. The near-field analysis shows that the rectified fields are larger for the 40% p case than for the 5% p case, and that tilting the current straps does not significantly change the maximum rectified voltages, although it may change the location of local maxima.
In Fig. 10 , we show the RANT3D model for preliminary designs with strap angles of 90" and 66". The antenna is bounded in the poloidal direction by MHD stabilizing plates. The conducting boundaries in the toroidal direction are not yet well defined and have been arbitrarily located in the RANT3D models. Insulating material (boron nitride) will be used to limit the diffusion of plasma into the antenna, and the RANT3D model assumes vacuum behind these limiters. Additional insulating layers may also be positioned to further protect conducting limiters from RF rectification effects.
The effect that tilting the current straps has on plasma loading is similar to what is expected from the earlier delta-function antenna analysis in Sec. 2. The power spectra for the 5% and 40% p cases are shown in Fig. 11 . The spectrum for the A$ = 60" is split because straps 1 and 7 , 2 and 8, and so on, are locked 180" out of phase to simplify the RF circuit design. The increase in the poloidal shift with larger toroidal mode numbers, as given by Eq. 1, is clearly seen. The tilt reduces the loading at 5% p, but increases the loading at 40% p.
Profiles of power and current drive for the preliminary antenna designs can be calculated by using the electric field results on the first wall from the RANT3D/GLOSI calculation as a boundary condition to the PICES code. The results of these calculations for the 5% p case (Fl3EQ in Fig. 8 ) with A$ = 60", and the 25% p case (FBEQ in Fig. 6 ) with A@ = 30" are shown in Fig. 12 for a strap orientation of 8 = 90". Very similar profiles are obtained for these cases with straps oriented at 8 = 66". Penetration to the center of the plasma becomes more difficult for the high p cases, causing the current drive efficiency to drop for the 25% p case.
The total current driven by -6 MW of HHEW power in the model for 5% p with A4 = 60" is 420 kA for 9 = 90" straps and 390 kA for straps oriented at 8 = 66". With a A@ = 30°, the 5% p case generates roughly 390 kA regardless of the strap tilt. The total current driven in the model by -6 MW for the 25% p case is 300 kA for straps with 9 = 90" and 320 kA, for straps with 8 = 66".
Thus, the current drive efficiency in the model is not as sensitive as the loading to the strap tilt.
Note also that the total driven current for the 5% p case can be increased to 570 kA at 6 MW for A$ = 60" if the lock between arrays, straps 1 and 7, 2 and 8, etc., is changed from 180" to 0". However, changing the locking between arrays to 0" spoils the spectrum for A@ = 30", and reduces the current for the high p cases.
Another issue that may impact the antenna design is the effect of RF near-field plasma excitation. We use the RANT3D code to estimate the plasma currents and parallel electric fields near conducting limiters in the model. These field calculations can be used to check the possible benefits that tilting the current straps might have on RF/edge interactions. The results indicate that RF charge builds especially on the upper poloidal protection and also some on the toroidal protection. We use the loading results from the RANT3D calculation to normalize the electrostatic fields near the limiters for 6 MW of delivered power for two tilt geometries at 5% p and 40% p and estimate the rectified voltage.
Because the RF fields at the conducting boundaries are dominated by surface charge, the fields are localized very near the conducting surface even in the vacuum region of the model. The local rectified voltage estimate is simplified by the fact that these fields decay rapidly along the field line. Following Ref. 9, the parallel electric field should properly be integrated along the entire length of the field line, but a local calculation at each end gives a good indication of the maximum rectified voltage. The local RF voltage is estimated by integrating along the magnetic field lines near each end, which gives the dominant contribution. The DC rectified voltage is estimated from the RF voltage by multiplying by a rectification factor of The results of the calculations are shown in Fig. 13 where the shading at the conducting limiters is proportional to the rectified voltage, and values of local maxima are labeled. The results should be considered to be a crude, and probably pessimistic estimate, but show that the rectified voltage in the 40% p case may reach almost 4 kV. The rectified voltage for the 40% p scenario is much higher than for the 5% p case, probably because larger RF-induced plasma currents flow closer (radially) to the conducting limiters; as shown by the density profiles near the edge in Fig. 2 . 
SUMMARY
The RANT3D, PICES, and GLOSI codes have been used to model high harmonic fast wave scenarios for preliminary antenna designs in NSTX. Plasma loading, current drive efficiency, and sources for nonlinear RF sheath effects have been estimated for scenarios with 1 MA of current and 3 different values of p. A comparison of results based on Solov'ev equilibria and numerical equilibria for NSTX shows that the current drive efficiency is sensitive to the details of the plasma equilibrium representation. Therefore, the HHFW calculations have been performed with equilibria generated by the free-boundary code, FBEQ.
Poloidal effects in the plasma response, caused by the steep density gradients and the large poloidal magnetic fields expected in NSTX, can significantly affect the antenna performance. These poloidal effects become important when considering the phasing and orientation of the current straps for the antenna. Full control of both the toroidal and poloidal phase of the antenna is desirable, and possible for future antenna designs. However, cost constraints for the initial design allow only for the possibility of tilting the current straps away from the traditional poloidal orientation by as much as 24". Tilting the current straps can improve the wave polarization; however, the tilt also introduces a poloidal phase shift in the launched power spectrum that depends on the toroidal phasing. This poloidal shift reduces the loading for the 5% p scenario despite the improved polarization because the waves must penetrate through an evanescent layer that favors longer parallel wavelengths (see Fig. 4) . Tilting the straps increases the loading for the 40% p scenario because there is only a small evanescent layer, and the improved polarization is beneficial in that case.
A reduction in loading at low p may be of concern because the RF circuit may require a more complicated decoupling system if the loading becomes too low, and all scenarios must pass though a low p regime at some point during the discharge. Some improvement in the loading at low p for a tilted strap design might be obtained by shifting the plasma nearer the antenna during low p phases of the discharge if a tilt is implemented in the actual design.
Current drive efficiency is not strongly affected by tilting the current straps for p greater than roughly 5% because the plasma tends to help align IBI with flux surfaces to reduce trapped particle effects. If the straps are tilted away from a poloidal orientation, then the resulting poloidal shift in the spectrum can lower the current drive efficiency in the 5% p scenario during co current drive operation. This loss in efficiency becomes more pronounced for slower waves because the poloidal shift in the spectrum caused by the strap tilt is roughly proportional to the toroidal mode number. The analysis using the EhstfKarney fit for efficiency shows that the preliminary design should drive -400 kA for 6 MW of HHFW input power in the scenarios considered. These estimates may be conservative based on work that uses an adjoint method for the current drive calcu~ation.
RF sheath estimates indicate that tilting the current straps does not significantly change the RF sheath voltage. RF sheath estimates are much larger for the 40% p case than for the 5% p case reaching -4 kV in the 40% p scenario and less than half that value for the 5% p case. The rectification appears to be the largest at the top conducting boundary for the full current' field geometries considered here regardless of the strap orientation. Boron nitride limiters and protection for nearby conducting surfaces are planned to protect the antenna structure from these RF voltages.
The modeling shows that reasonable performance can be obtained from the preliminary antenna design. Based on the models, designs, and full current scenarios considered here, tilting the current straps away from the poloidal orientation may be beneficial for very high p scenarios, but may reduce performance for low p (5%) operation. Additional RF control circuitry or plasma position control may be needed if the loading becomes too low during low p phases of high current discharges. An RF experiment with different strap orientations would be desirable for comparison with the modeling results presented in this paper. Future modeling work to implement generalized 2 functions and to enhance the poloidal resolution in the PICES full wave code is desirable. A two-dimensional, full-wave, hot-plasma analysis is also desirable, but such a model is well beyond the present state-of-the-art.
APPENDIX. VALIDITY OF THE RF MODELS IN THE HHFW REGIME
The full wave models used in this paper are subject to several limitations that must be considered before the results can be interpreted. These limitations can be categorized into numerical convergence issues, and plasma physics approximations that are fundamental to the algorithms. In this section, we briefly discuss the validity of the RANT3D/GLOSI model for launching the power through the plasma edge region. Next, we consider convergence and resolution issues for the PICES code. Finally, we consider the validity of the warm plasma approximation for plasma regimes that are appropriate for NSTX.
The 1D GLOSI code does not retain the full toroidal geometry needed to accurately calculate the power deposition, but it does provide a reasonable model in the plasma edge region. In these simulations, we use a linearly sheared magnetic field in GLOSI with poloidal and toroidal components at the antenna appropriate for the discharge equilibrium. The edge region near the plasma has a reasonably low temperature, and the warm plasma approximation should remain valid for several perpendicular wavelengths away from the antenna. Thus, the launched power spectrum and the RF near-fields can be reasonably modeled in three dimensions using the RANT3D code with a plasma impedance relationship calculated from the GLOSI results. The GLOSI model for the impedance assumes that power penetrating to the magnetic axis does not return to the antenna. This approximation is reasonable so long as the system geometry does not reflect significant power back to the antenna after the waves pass beyond the magnetic axis.
For the PICES code, reasonable numerical convergence in the power deposition is obtained for the dominant low-order poloidal modes without fully resolving the shortest wavelength modes in the system. However, the ability to fully resolve the poloidal structure of waves in the system depends upon the boundary conditions that are applied. Aside from the actual boundary condition at the vacuum vessel wall, an additional approximation for the direction of kL in the reduced order approximation can influence the convergence near the magnetic axis. Reasonable convergence properties are found for NSTX parameters when the kL value for the reduced order terms is taken to be in the radial direction. If the value for k~ is allowed to have a poloidal component, then the convergence can become much more difficult because the poloidal wavelength of the waves can become comparable with the maximum poloidal resolution allowed by most available computational resources. This approximation is reasonable if most of the power is absorbed before reaching the origin. It may also give reasonable results if the absorption is reasonably weak as in the case of low pi, where pi is the ion p. Thus, for the results presented here, the reduced order approximation is implemented with the assumption that kL is in the radial direction.
The actual boundary at the vacuum vessel wall can also lead to convergence problems for the waves in the two-dimensional plasma models. A realistic antenna source can introduce poloidal modes that become too small to resolve with the present implementation of the PICES code, especially if these modes propagate and subsequently turn in the poloidal direction. This problem is particularly difficult on the outer flux surfaces because of the natural spreading of the poloidal grid in flux coordinates. However, applying a single fixed mode at the plasma boundary can stabilize the calculation. When the single mode chosen at the plasma boundary is systemafically scanned, reasonable guidance is provided for the antenna design to help optimize the current drive efficiency. Power deposition profiles can also be reasonably well converged if only the dominant low-order poloidal modes are retained in a more realistic antenna model. Thus, results from relatively low resolution runs of the PICES code can provide useful information about the HHFW current drive to guide the antenna design and to develop operational scenarios.
Future enhancements in the PICES algorithm and improvements in the matrix solution method are possible to further explore the numerical resolution issues for plasma calculations in toroidal geometry. However, decisions for the NSTX antenna design require that we use results from our present algorithms as well as possible. Thus, to avoid some of the numerical difficulties, we present results from the PICES code using systematic scans of fixed poloidal modes at the outer plasma boundary and low resolution models for the antenna, and we assume a radial direction for kl in the reduced order approximation.
The most obvious assumption in the physics of both the PICES and GLOSI codes for NSTX-like parameters is the warm plasma approximation, especiaIly in light of the fact that the perpendicular wavelength can become comparable to the ion gyroradius. Other assumptions, such as the use of simple, as opposed to generalized Z functi0ns,2'~ are expected to be reasonable so long as the ion absorption remains small compared with the electron absorption.
The warm plasma approximation assumes that the product of the perpendicular wave number and the gyroradius klpi, remains small, and only second-order terms are retained in a klpi expansion. <<I , and the Bessel functions are expanded retaining terms having order up to and including (k~pi)*. The conductivity of the ions may also be reasonably approximated in an unmagnetized limit with finite ion temperature because the ion gyroradius can be large compared with the wavelength for HHFW at these parameters?
The accuracy in calculating the real and imaginary parts of k _~ using various ion orbit approximations is illustrated in Fig. 14 for high pi conditions at 41 MHz with NSTX-like parameters. The magnetic field was chosen to have a simple 1/R scaling to give a more pessimistic result concerning the finite klpj effects on the outside of the tokamak than if the poloidal component of the magnetic field were added. The calculation also assumes that no population of hot ions from beams or other hot ion sources exist. The case with hot, unmagnetized ions gives the best approximation to the hot ion dispersion relation with small oscillatory errors near each ion resonance. The case of warm magnetized ions gives substantially reduced values for the imaginary part of k _~ for these high pi conditions. However, the warm approximation is reasonably accurate for more modest values of pi. Figure 14 shows the errors in the real and imaginary parts of k l caused by using the warm plasma approximation instead of considering hot ions. Clearly, the warm plasma model used by the GLOSI and PICES codes can underestimate the wave damping if klpj in NSTX is too large.
However, the results in Fig. 15 show that the error introduced by using a warm ion approximation is at worst -lo%, and less than 5% on average if the ion temperature is kept below 1 keV for a peak density of 5 x 10'' m-3. For the same density and a 2 keV ion temperature, the warm approximation is unacceptable with more than 30% error in the damping scale-length. For a lower peak density of 3 x 1019 m-3 and an ion temperature of 2 keV, the warm approximation systematically underestimates the damping by only about 10%. Thus, we conclude that the PICES and GLOSI models can be used with reasonable confidence for deuterium plasmas with magnetic field parameters similar to those of NSTX (0.32 T on axis) with frequencies below 41 MHz and niTi c 6 x 10'' keVm-3 (pi <: 12%). The PICES model further includes absorption caused by hot ion species by using the Bessel functions, a reasonable approximation so long as the hot ion species do not strongly affect the wave propagation (real part of kJ. p effects modify the magnetic field strength and trapped particle fraction for the more accurate FBEQ result for the 25% p case. The estimate for the rectified potential is much higher for the 40% p case than for the 5% p case, and could reach -4 kV for 6 MW of power in the 40% p case. Tilting the straps does not help to reduce the voltage significantly. The estimate for the rectified potential is much higher for the 40% p case than for the 5% p case, and could reach -4 kV for 6 MW of power in the 40% p case. Tilting the straps does not help to reduce the voltage significantly.
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